The nucleotide excision repair (NER) pathway plays a major role in the repair of DNA damaged by exogenous agents, such as chemotherapeutic and radiotherapeutic agents. Thus, we investigated the association between key potentially functional single nucleotide polymorphisms (SNPs) in the NER pathway and clinical outcomes in oral squamous cell carcinoma (OSCC) patients treated with concurrent chemoradiotherapy (CCRT). Thirteen SNPs in five key NER genes were genotyped in 319 male OSCC patients using iPLEX MassARRAY. Cox proportional hazards models and Kaplan-Meier survival curves were used to estimate the risk of death or recurrence. Carriers of the XPC rs2228000 TT genotype showed a borderline significant increased risk of poor overall survival under the recessive model (hazard ratio (HR) = 1.81, 95% confidence interval (CI) = 0.99-3.29). The CC genotypes of ERCC5 rs17655 (HR = 1.54, 95% CI = 1.03-2.29) and ERCC1 rs735482 (HR = 1.65, 95% CI = 1.06-2.58) were associated with an increased risk of worse disease-free survival under the recessive model. In addition, participants carrying both the CC genotypes of ERCC5 rs17655 and ERCC1 rs735482 exhibited an enhanced susceptibility for recurrence (HR = 2.60, 95% CI = 1.11-6.09). However, no statistically significant interaction was observed between them. Our findings reveal that the ERCC5 rs17655 CC and ERCC1 rs735482 CC genotypes were associated with an increased risk of recurrence in male patients with OSCC treated with CCRT. Therefore, CCRT may not be beneficial, and alternative treatments are required for such patients.
Introduction
Oral squamous cell carcinoma (OSCC) is the leading cause of cancer morbidity and mortality, especially among men in Taiwan [1] . Despite new advances in the diagnosis and therapeutic approaches, the 5-year survival remains low [1, 2] . While relapse of OSCC remains a major clinical challenge, the incidence of relapse among patients varies, even for those with a similar stage of disease at diagnosis or those who undergo the same treatment [3] . This implies that other factors, such as genetic variations, may play an important role in disease prognosis.
Most patients with OSCC are diagnosed at an advanced stage of the disease [4] . For these patients, the treatment options are limited to mainly systemic therapy, often as concurrent chemoradiotherapy (CCRT) with platinum-based DNA damaging agents as either primary treatment or adjuvant postoperative therapy [5] [6] [7] . However, the overall survival (OS) for these patients remains poor because most of them experience recurrence or distance metastases [8] [9] [10] . Genetic variations in DNA repair genes affect susceptibility to the efficacy and survival outcome of a certain treatment [11, 12] . Increased DNA repair capacity may affect the sensitivity of the tumor cells to chemotherapy and radiotherapy (RT) by allowing cancer cells to repair DNA that has been damaged by these agents. Single nucleotide polymorphism (SNP) in genes involved in the nucleotide excision repair (NER) pathway may modulate DNA repair capacity by influencing gene expression or activity, thereby affecting the anticancer effects of therapeutic agents and treatment response [13, 14] .
The excision repair cross-complementation genes, including groups 1 (ERCC1), 2 (ERCC2), and 5 (ERCC5) and xeroderma pigmentosium complementation group A (XPA) and C (XPC) encode proteins that are involved in the NER pathway; and together with other proteins, operate to recognize and repair damaged DNA [15] . The XPC together with XPF initially recognize the DNA lesion that is unwound and remodeled by helicase proteins ERCC3 and ERCC2 that binds to XPA and replication protein A (RPA). The ERCC1 and ERCC5 proteins are involved in the incision of the identified DNA lesion. The difference in treatment response and clinical outcome have been attributed to SNPs in genes that code of the above proteins [13, 14] . Therefore, identifying genetic markers in the NER pathway may help develop personalized management strategies, thereby maximizing treatment success and improving survival.
Thus, we conducted a retrospective cohort study to test whether SNPs in genes involved in the NER pathway are associated with prognosis in male patients with OSCC treated with adjuvant CCRT. A total of 13 SNPs in ERCC5, ERCC2, ERCC1, XPC, and XPA genes, which have been found to affect the risk and/or survival of cancers, were selected in the present study [13, 14, [16] [17] [18] [19] [20] . Their associations with clinical outcomes were evaluated using alternative genetic models, including additive, dominant, and recessive models.
Material and Methods

Study Population
In total, 360 male participants newly diagnosed with histopathological confirmed advanced OSCC who received surgery plus adjuvant CCRT were recruited from the Head and Neck Surgery Department's Cancer Registry at Chang Gung Memorial Hospital, LinKou, Taiwan, from 1999 to 2016. A total of 41 participants were excluded, including 13 of aboriginal ethnicity, 23 with early-stage oral cancer (TNM stages I and II), and 5 with missing information on clinicopathologic variables (TNM stage, vascular invasion, and extracapsular spread). A final sample of 319 was included for analysis. Information on demographic characteristics (age, education, occupation, and ethnicity), lifestyle habit (cigarette smoking, alcohol drinking, and betel nut chewing), and family cancer history were collected through an interviewer-administered questionnaire. Lifestyle habits were categorized as either never (if the person never engaged in the habit continuously for more than a year) or ever (if the person ever engaged in the habit for more than a year). From the weight and height measurements, body mass index (BMI) was calculated as weight/height 2 (kg/m 2 ). Clinical information was also collected before treatment through a detailed medical history, physical examination, completed blood count, routine blood chemistry, computed tomography (CT) or magnetic resonance imaging (MRI) of the head and neck, abdominal ultrasound, and whole body bone scan or positron emission tomography scan. This study was approved by the Chang Gung Memorial Hospital (IRB No. 201800213B0) and Taipei Medical University ethics review committees (IRB No. N201802083). All participants provided written informed consent after a detailed explanation of study objectives.
Sample Preparation and DNA Extraction
For each participant, a pair of tumor and normal adjacent nontumor tissue samples were surgically removed, dissected into small pieces, and immediately stored in liquid nitrogen at −80 • C. The surgically removed samples were then sent for pathological examination and staging as per the seventh edition of the American Joint Committee on Cancer-TNM staging system [21] . Histology diagnosis was defined as squamous cell carcinoma, verrucous carcinoma, cylindric cell carcinoma, adenoid cystic carcinoma, mucoepidermoid carcinoma, and adenocarcinoma. For this study, only those with a diagnosis of squamous cell carcinoma were included. Venous blood samples were also collected and stored in heparinized tubes. Germline DNA was extracted from buffer-coated cells using the standard phenol-chloroform method and prepared for genotyping.
SNP Selection and Genotyping
SNPs in the NER pathway were selected from studies that indicated that SNPs were associated with the risk or prognosis of malignancies in ethnic Chinese [16, [18] [19] [20] . A total of 13 potentially functional SNPs in ERCC5 (rs2094258, rs1047768, rs17655, and rs873601), ERCC2 (rs13181 and rs1799793), ERCC1 (rs735482, rs3212986, and rs11615), XPC (rs2228001 and rs2228000), and XPA (rs1800975 and rs10817938) genes were genotyped using the Sequenom iPLEX MassARRAY system (Sequenom, Inc., San Diego, CA, USA). A 10% random sample was reanalyzed, and it showed 100% concordance for all the polymorphisms.
Patient Treatment and Follow-Up
All patients underwent radical tumor excision with clinical stage-based neck dissection after preoperative tumor survey. The primary tumors were resected above 1-cm safety margins (both peripheral and deep margins). Neck dissections were performed according to examination status. If the lesion invaded deeply and crossed the midline, as observed in tongue cancer, bilateral neck dissection was performed. Pathologic parameters included tumor stage, nodal status, extranodal extension (ENE), tumor cell differentiation, perineural invasion, skin invasion, bone invasion, and tumor depth. Postoperative RT was administered to patients with pT4 stage tumor, pathologically close margins (≤4 mm), or pathologically positive lymph nodes. The radiation dose lay between 6000 and 6600 cGy. CCRT with cisplatin-based agents was administered to patients with ENE or pathological multiple lymph node metastases 4 to 8 weeks after the surgical procedure. During the course of RT, 5-fluorouracil was administered orally.
Following commencement of treatment, the participants were monitored during their treatment and after treatment through regular clinical and radiological examinations. Follow-up involved monthly checkups for the first 6 months. This was followed by checkups every 2 months in the second 6 months, then checkups every 3 months within the second year, and checkups every 6 months thereafter. The follow-up included an analysis of medical history, physical examination (including complete oral examination), laboratory examination, X-rays, and CT or MRI. To confirm recurrence, histology of biopsy or imaging studies were conducted. Data for all deaths resulting from OSCC were based on death certificates.
Statistical Analysis
Statistical analysis was performed using SAS (version 9.4 for Windows; SAS institute, Cary, NC, USA). Demographic and clinical characteristics were summarized as mean and standard deviation for continuous variables and frequency and proportions for categorical variables. The distribution of genotypes by clinical characteristics was assessed using Chi-square test. Major clinical outcomes were disease-free survival (DFS) and OS. DFS was measured from the first day of treatment to the time of recurrence, metastasis, or death due to any cause. OS was calculated as the time elapsed (in months) from the date of commencing RT to the date of death. Patients without an event at the date of the last contact were considered as being censured or subject to administrative censoring by the end of the follow-up period. Survival analysis was conducted using the Kaplan-Meier method, and survival curve differences among the genotypes were compared using the log-rank test. Univariate and multivariate Cox proportional hazards models were used to evaluate the effects of demographic, clinical characteristics, and SNPs on survival. Hazard ratios (HRs) and their 95% confidence intervals (CIs) were used to estimate the relative risk of death or recurrence. We evaluated the individual variants in different genetic models, including additive, dominant, and recessive models, on OSCC survival. Sociodemographic and clinical factors significant in the univariate analysis were adjusted in multivariate Cox regression models. Furthermore, multiplicative interactions were evaluated using the likelihood ratio test. Due to the location of multiple SNPs within the same chromosome or gene, linkage disequilibrium (LD) analysis was performed using Haploview (version 4.2). For those SNPs within the same block that were found to be in high LD with each other, further haplotypes analysis was performed using PHASE software (version 2.1) [22] . Statistical significance was set at p < 0.05 and was two-sided.
Results
Demographic and Clinical Characteristics of Study Participants
The demographic and clinical characteristics of the study patients are summarized in Table 1 . The mean age was 49.72 ± 9.8. Most participants were under 50 years (51.41%) old, of Taiwanese descent (paternal 72.10% and maternal 74.92%), had normal BMI (49.22%), had smoked cigarettes (according to the "ever" criterion; 85.25%), drank alcohol (69.28%), and chewed betel nut (86.21%). A considerable number of patients exhibited poor clinical characteristics. In total, 55 (17.24%) had poorly differentiated tumors, 197 (61.76%) had primary tumor size in the T3 to T4 range, 217 (67.92%) had N2 to N3 nodal involvement, 177 (55.49%) had perineural invasion, 19 (5.96%) had vascular invasion, 40 (12.54%) had lymphatic invasion, 205 (64.24%) had ENE, and 277 (86.83%) had pathologic TNM stage IV. The genotype frequency distribution analysis showed a statistically significant difference in genotypes of ERCC1 rs11615 in terms of tumor differentiation (p = 0.039), XPC rs2228000 in terms of vascular invasion (p = 0.045), ERCC1 rs3212986 and XPA rs10817938 in terms of lymphatic invasion (p = 0.046 and 0.033, respectively), XPC rs2228001 in terms of pathologic TNM stage (p = 0.039), and ERCC5 rs17655 in terms of DFS (p = 0.049) (Table S1 ).
Survival Analysis
The median (range) follow-up duration was 15 months (1-199 months) and 12 months (1-199 months) for OS and DFS, respectively. In the univariate analysis, N2-N3 nodal involvement (HR = 2.41, 95% CI = 1.42-4.10), lymphatic invasion (HR = 2.18, 95% CI = 1.30-3.67), and ENE (HR = 3.91, 95% CI = 2.13-7.19) were significantly associated with OS, whereas primary tumor size in the range of T3 to T4 (HR = 1.72, 95% CI = 1.17-2.53), N2-N3 nodal involvement (HR = 1.63, 95% CI = 1.09-2.44), and ENE (HR = 1.79, 95% CI = 1.20-2.69) were significantly associated with DFS. However, no significant association was observed between demographic and lifestyle factors and survival (Table 2) . In the univariate Cox proportional hazards models, the ERCC1 rs735482 CC genotype was marginally significantly associated with poor DFS (HR = 1.53, 95% CI = 0.99-2.38; p = 0.058). The XPA rs10817938 CC genotype was significantly associated with an increased risk of worse OS (HR = 2.97, 95% CI = 1.20-7.35; p = 0.019), and DFS (HR = 2.61, 95% CI = 1.06-6.41; p = 0.037), respectively (Table S2) .
The results for the multivariate Cox proportional hazards models with covariates adjusted for all selected SPNs are shown in Table 3 . Only the XPC rs2228000 TT genotype (HR = 1.81, 95% CI = 0.99-3.29, p = 0.053) showed an increased risk of poor OS at borderline significance compared with the CC+CT genotypes. The ERCC5 rs17655 CC (HR = 1.50, 95% CI = 1.01-2.24; p = 0.045) and ERCC1 rs735482 CC (HR = 1.61, 95% CI = 1.04-2.51; p = 0.034) genotypes were significantly associated with an increased risk of DFS compared with their counterparts with the GG+GC and AA+AC genotypes, respectively, in the recessive models. The test of LD show that SNPs in ERCC5 block 1 (rs2094258 and rs1047768; D' = 0.97, R 2 = 0.19) and block 2 (rs17655 and rs873601; D' = 0.98, R 2 = 0.89), ERCC1 block (rs3212986 and rs11615; D' = 1.00, R 2 = 0.18), XPC block (rs2228001 and rs2228000; D' = 1.00, R 2 = 0.28), and XPA block (rs1800975 and rs10817938; D' = 1.00, R 2 = 0.24) were in LD with each other (Figure S1 ). Of the haplotype constructed from these blocks, only XPA GT haplotype (HR = 0.68, 95% CI = 0.47-0.99; p = 0.042) showed statistically significant association with OS (Table S3) . We further conducted a combination analysis for the ERCC5 rs17655 and ERCC1 rs735482 polymorphisms and DSF in patients with OSCC. The Kaplan-Meier curves showed borderline significant differences in DFS among the four genotypes (log-rank test p = 0.078) (Figure 1) . The multivariate Cox proportional models indicated that patients with the combination of ERCC5 rs17655 CC and ERCC1 rs735482 CC genotypes exhibited a higher risk of disease recurrence than those with the combination of ERCC5 rs17655 GG+GC and ERCC1 rs735482 AA+AC genotypes (HR = 2.60, 95% CI = 1.11-6.09; p = 0.027) (Table 4) . However, this gene-gene interaction was not statistically significant. Table 5 shows the subgroup analysis for the association between significant SNPs and DFS stratified by demographic and clinopathological factors. Results show a significant interaction between ERCC5 rs17655 polymorphism and perineural invasion on the risk for DFS (interaction p = 0.008). The ERCC5 rs17655 CC genotype individuals with perineural invasion (HR = 2.46, 95% CI = 1.46-4.15; p <0.001) had an increased risk for DFS compared to their counterparts with no perineural invasion. Although a significant interaction between ERCC1 rs735482 polymorphism and vascular invasion was also observed (interaction p <0.001), the harmful effect of CC genotype on recurrence was not present in any subgroup of vascular invasion.
(1) rs17655 GG+GC and rs735482 AA+AC (2) rs17655 GG+GC and rs735482 CC (3) rs17655 CC and rs735482 GG+GC (4) rs17655 CC and rs735482 CC Figure 1 . Kaplan-Meier survival curve for the combined ERCC5 rs17655 and ERCC1 rs735482 polymorphisms and disease-free survival in patients with oral squamous cell carcinoma treated with concurrent chemoradiotherapy. The figure illustrates a borderline significant difference in recurrence among the four groups (log-rank test p = 0.078). Table 5 shows the subgroup analysis for the association between significant SNPs and DFS stratified by demographic and clinopathological factors. Results show a significant interaction between ERCC5 rs17655 polymorphism and perineural invasion on the risk for DFS (interaction p = 0.008). The ERCC5 rs17655 CC genotype individuals with perineural invasion (HR = 2.46, 95% CI = 1.46-4.15; p < 0.001) had an increased risk for DFS compared to their counterparts with no perineural invasion. Although a significant interaction between ERCC1 rs735482 polymorphism and vascular invasion was also observed (interaction p < 0.001), the harmful effect of CC genotype on recurrence was not present in any subgroup of vascular invasion. 
Discussion
In this study, we investigated the association between potentially functional SNPs in the NER pathway genes and clinical outcomes in male patients with OSCC treated with CCRT. Our findings suggest that the XPC rs2228000 TT genotype was marginally significantly associated with increased risk of death, whereas the ERCC5 rs17655 CC and ERCC1 rs735482 CC genotypes were significantly associated with the increased risk of relapse.
The NER pathway plays a major role in DNA repair through the removal of bulky DNA lesions formed by ultraviolet (UV) radiation, environmental mutagens, and other chemotherapeutic agents [23, 24] . Studies have revealed that variations in DNA-repair capacity are related to cancer risk and prognosis [25, 26] . In addition, SNPs in the NER genes modulate susceptibility to efficacy and survival outcome of the treatment in certain types of cancers [11, 12] . Therefore, the same phenomena may be exhibited in patients with OSCC, particularly those undergoing CCRT. Such information may be useful in identifying patients who may benefit from alternative therapies to achieve superior survival and improve quality of life.
The XPC gene is a key component of the XPC complex, which plays an important role in the early part of the global genome NER. The corresponding protein plays an important function in damage sensing and DNA binding [27] . SNPs in this gene have been found to affect clinical outcomes in various cancer types [18, 28, 29] . Li and colleagues observed that the XPC rs2228000 TT genotypes were associated with shorter OS than the CC+CT genotype individuals in a study of Japanese gastric cancer patients [30] . Another Chinese study demonstrated that patients with the CC genotype of XPC rs2228000 have a borderline significant decreased risk of developing gastric cancer compared with those with the CT+TT genotype [31] . This evidence suggests that the T-allele may have a high susceptibility for poor prognosis. Similarly, in our study, the XPC rs2228000 TT genotype shows an increased risk of death compared with the CC+CT genotype. Given the importance of the XPC gene in the NER pathway, it is possible that variants of XPC alter the DNA repair capacity and thereby affect sensitivity to therapeutic agents. However, the association observed in our study was borderline significant and must be interpreted with caution. Furthermore, large studies may be required to confirm these findings.
We also observed that those with the ERCC5 rs17655 CC and ERCC1 rs735482 CC genotypes have an increased risk of relapse compared with individuals with the GG+GC and AA+AC genotypes, respectively. Considered a central component in NER, ERCC5 encodes a specific DNA endonuclease responsible for excision and repair of UV-induced DNA damage [23] . Evidence has linked ERCC5 polymorphism to chemotherapeutic response and prognosis of tumors [19, 20] . The ERCC5 mRNA expression levels were correlated with cytotoxicity of chemotherapy regiments [32] . Additionally, the rs17655 leads to an amino-acid substitution from histidine to aspartic acid, which may lead to differential interacting abilities, thus, influencing the DNA repair efficacy. Song et al. also observed that ERCC5 rs17655 polymorphism has a moderately increased risk of recurrence in squamous cell carcinoma of the oropharynx [33] . ERCC1 is also a crucial member of the NER pathway that forms a complex with ERCC4, and together with ERCC5, is responsible for DNA incision [34] . Other studies have reported that ERCC1 affects the clinical outcome and may serve as a potential biomarker for response to cisplatin-based therapy [35, 36] . On the basis of these study results, we speculate that the CC genotypes of ERCC5 rs17655 and ERCC1 rs735482 may increase the DNA-repair capacity of cancer cells, leading to increased susceptibility to recurrence. Therefore, if these findings are confirmed by other studies, these SNPs may serve as therapeutic biomarkers for clinical outcome in patients with OSCC who undergo CCRT.
Our study has several limitations. First, the hospital-based nature of the patients may have led to selection bias. Secondly, not all SNPs in the entire NER pathway were used. Some rare functional SNPs may have an influence on survival. Finally, the human papilloma virus (HPV) status and inflammatory cytokines expression of patients was not included in the analysis and may limit the interpretation of our findings; hence, HPV and cytokines may affect survival [37, 38] . However, a major strength of our study is that all the patients had a similar tumor stage and received the same treatment. This meant that the effect of different treatments was excluded, which might lead to different levels of DNA damage and repair.
Conclusions
We investigated the association between key potentially functional SNPs in the NER pathway and susceptibility for death or relapse in male patients with advanced OSCC who were treated with adjuvant CCRT. Our findings showed that the CC genotypes of ERCC5 rs17655 and ERCC1 rs735482 were associated with an increased risk of recurrence. CCRT may not be beneficial for these patients; therefore, alternative treatments are required. To our knowledge, this is the largest study to investigate the association between NER polymorphisms and survival in patients with OSCC treated with CCRT in ethnic Chinese. Our findings may require further confirmation in studies with a larger sample size or other ethnic populations.
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